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Meirelles).The cloud point is an important property of biodiesel, controlling its low temperature behaviour, espe-
cially the ﬂuidity of the fuel. Although biodiesel is an interesting renewable energy source, data for the
melting/cloud point of biodiesel or simple binary or ternary mixtures of fatty acid ethyl esters (FAEE)
are still scarce in the literature, particularly for those involving ethyl esters. The phase diagrams of six
binary mixtures of ethyl palmitate with saturated and unsaturated fatty acid ethyl esters were deter-
mined by Differential Scanning Calorimetry (DSC). The determined systems were successfully described
employing the UNIQUAC model. The experimental data indicates that the cloud point is controlled by the
fatty acid ethyl ester in the mixture with higher melting temperature.
 2011 Elsevier Ltd. Open access under the Elsevier OA license.1. Introduction
Nowadays, there is a growing interest in biodiesel due to its re-
duced impact on the environment and to its favourable character-
istics as a fuel when compared with petroleum based fuels, such as
its biodegradability, non-toxicity, lower emission of pollutants and
the fact that it is produced from renewable resources. The use of
biodiesel as a commercial fuel is subject to a number of standards
and regulations, some common to conventional diesel and others
speciﬁc to this type of biofuel.
One of the important speciﬁcations of biodiesel is related to its
behaviour at low temperatures. It is important to know the temper-
ature at which crystallization starts, known as the cloud point, CP
(EN23015, ASTMD-2500), the temperatures atwhich the fuel ﬁlters
and lines become plugged, CFPP (EN 116, IP-309, ASTMD-6371), the
low-temperature operability of the biodiesel, the biodiesel capacity
to pass through an engine fuel ﬁltration system that is determined
by low temperature ﬂow test, LTFT (ASTMD-4539) and the temper-
ature at which the ﬂuid gels, thwarting its ﬂow, known as the Plug-
ging Point, PP (ASTM D-97, ASTM D-5949) [1]. Since saturated fatty
acid esters present highmelting temperatures, at low ambient tem-
peratures crystals of these compounds appear and, in this way, the
storage, transport and principally the use of the biodiesel can belsevier OA license. 
x: +55 19 3251 4027.
Costa), lasloboros@hotmail.
ta), jcoutinho@ua.pt (J.A.P.
tomze@fea.unicamp.br (A.J.A.compromised. This is also true when the use of blends of biodiesel
with conventional diesel are considered [2].
The composition of biodiesel in fatty esters is closely related to
the oil or fat used as the raw material, and generally two or three
fatty esters are responsible for more than 80% of the total biodiesel
composition [1]. In this way a binary mixture of FAEE containing
ethyl palmitate could represent, in a simpliﬁed way, a palm biodie-
sel produced from palm oil that can easily be produced in the north
and northeast of Brazil. Interest in determining the ethylic biodie-
sel properties was driven by the Brazilian capacity for ethanol
production from sugar cane, and because ethanol, contrary to
methanol, is obtained from a renewable source. The biodiesel pro-
duced by esteriﬁcation with ethanol remains a carbon neutral mol-
ecule, whilst that esteriﬁed with methanol does not, implying in a
5% loss in carbon neutrality, which is a signiﬁcant value to the
environment [3]. Moreover, Brazil has an installed production
capacity of several million litres of ethanol per day from sugar
cane. The data here presented is important to the biodiesel produc-
tion via the ethylic route and also to the knowledge of the low tem-
peratures properties of ethylic biodiesel.2. Experimental section
In this study was determined the saturation lines, correspond-
ing to the cloud points, of binary mixtures of ethyl palmitate with
ethyl caprylate, ethyl caprate, ethyl laurate, ethyl myristate, ethyl
oleate and ethyl linoleate using a Differential Scanning Calorimetry
(DSC).
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Instruments, cyclohexane (min 99.9%) and naphthalene (min 99%),
both supplied by Merck. The high purity fatty acid esters (min
99%), obtained from Nu-Chek, were used with no further puriﬁca-
tion. The mixtures were prepared by weighing on an analytical bal-
ance with a precision of ±0.2 mg, and the amounts weighed placed
in a glass tube and heated in an atmosphere of nitrogen with con-
stant stirring to a temperature 10 K above the highest melting
point of the pure components.
A TA Instruments MDSC 2920 calorimeter, equipped with a
refrigerated cooling system and operating between 203 and
600 K, was used to obtain the experimental data. Small amounts
of each mixture (2–5 mg) were weighed on a microanalytical bal-
ance (Perkin–Elmer AD6) with an accuracy of ±0.2  105 mg,
and sealed in aluminium pans. The experimental data were col-
lected after a pre-treatment of the samples inside the DSC cell, as
described in a previous study [4–6].
The accuracy of the experimental melting points of the mixtures
was evaluated on the basis of repeated runs performed with the
calibration substances and some mixtures. The experimental devi-
ations were estimated to be no higher than 0.3 K [6].
3. Modelling
Equations of State (EoS) are often used for correlating phase
equilibrium in fatty systems [7,8]. In the present study the
Soave–Redlich–Kwong EoS [9] was used to describe the crystalliza-
tion/melting behaviour of fatty acid ethyl esters. The approach
used here was previously proposed by the same authors for alkane
mixtures [10–23], and was also successfully applied to fatty acids
[5] and fatty acid methyl esters [24].
The solid–liquid equilibrium is established by equality of the
fugacity of each component in the liquid and solid phases
f Li ðT; P; xLi Þ ¼ f Si ðT; P; xSi Þ ð1Þ
The liquid phase fugacity can be obtained from
f Li ðT; P; xLi Þ ¼ PxLiuLi ð2Þ
where the fugacity coefﬁcient uLi is calculated using the Soave–Red-
lich–Kwong EoS [9] with the LCVM mixing rules [25,26]. The volu-
metric properties calculated by the cubic EoS are corrected using
the volume translation proposed by Peneloux et al. [27].
The solid-phase fugacity at a pressure P is obtained from
ln f Si ðPÞ ¼ ln f Si ðP0Þ þ
1
RT
Z P
P0
vSi dP ð3Þ
where the fugacity of the component i in the solid phase at refer-
ence pressure P0, here taken as the atmospheric pressure, is calcu-
lated from its fugacity in the sub-cooled liquid state at the same
temperature T.
f Si ðP0Þ ¼ xSi cSi ðP0Þf 0;Li ðP0Þ exp 
DfusHi
RT
1 T
Tfus;i
  
ð4Þ
where csi represents the activity coefﬁcient of the compound i in the
solid phase and Tfus,i and DfusHi are, respectively, the fusion temper-
ature and enthalpy of fusion of the pure compound i at the refer-
ence pressure. Since the systems studied in this work were
measured at atmospheric pressure, the Poynting correction term
in Eq. (3) can be neglected and Eq. (3) can be written as
f Si ðT; P; xSi Þ ¼ xSi cSi ðT; P0; xSi Þf 0;Li ðT; P0Þ exp 
DfusHi
RT
1 T
Tfus;i
  
ð5Þ
The activity coefﬁcients csi of the solid phase were described by
means of the new version of the predictive UNIQUAC model
[13,14]. The predictive UNIQUAC model can be written asgE
RT
¼
Xn
i¼1
xi ln
Ui
xi
 
þ Z
2
Xn
i¼1
qixi ln
hi
Ui
 

Xn
i¼1
xiqi
 ln
Xn
j¼1
hj exp  kij  kiiqiRT
 " #
ð6Þ
with
hi ¼ xiqiP
jxjqj
and Ui ¼ xiriP
jxjrj
ð7Þ
The predictive local composition concept [28–32] allows for
estimation of the interaction energies (kij) used by this model,
without ﬁtting to the experimental data. The pair interaction ener-
gies between two identical molecules are estimated from the en-
thalpy of sublimation of the pure crystalline component
kii ¼ 2Z ðDsubHi  RTÞ ð8Þ
where Z = 10 is the coordination number. The enthalpies of subli-
mation (DsubH ¼ DvapH þ DfusH) are calculated at the melting tem-
perature of the pure component.
The pair interaction energy between two non-identical mole-
cules is given by
kij ¼ kji ¼ kii ð9Þ
where i is the compound with the shorter alkyl chain of the pair ij.
As an alternative, a simpler approach for the description of the
solidus line measured in this study was also tested. It was assumed
that the solid phase formed was essentially a pure fatty ester, and
that the liquid phase was ideal. Based on these assumptions the
relation between the composition of the mixture, xi, and the melt-
ing/cloud point, T, was given by the classical solid–liquid equilib-
rium equation.
xLi ¼ exp 
DfusHi
R
1
T
 1
Tfus;i
   
ð10Þ
The solid–liquid equilibrium models, adopted here, are predic-
tive models that only use pure component properties to calculate
the behaviour of the phase. Correlations for the thermophysical
properties of fatty acid esters were proposed in a previous paper
[33]. The most adequate estimates for the critical temperature
(Tc) and pressure (Pc) of saturated ethyl esters are obtained using
the Nikitin et al. [34] correlation. For the acentric factor (x), the
Hang and Peng [35] model was found to be the most adequate.
The values used in this work are reported in Table 1.
The melting temperatures (Tfus) of the saturated and unsatu-
rated ethyl esters were obtained directly from the experimental
thermograms.
The correlations used for the estimation of the fusion (DfusH)
and vapourisation enthalpies (DvapH) of the saturated ethyl esters
were, respectively [33]
DfusH ¼ 3:92Cn þ 16:80 ð11Þ
DvapH ¼ 4:9Cn þ 9:0 ð12Þ
where the enthalpies are expressed in kJ mol1. For the unsatu-
rated ethyl esters it was assumed that the differences between
the fusion (DfusH) and vapourisation (DvapH) enthalpies of the satu-
rated and unsaturated ethyl esters would be the same as those ob-
served for the methyl esters [33].
4. Results and discussion
The melting points of binary mixtures of ethyl palmitate, an
ethyl ester found in large quantities in the biodiesel produced from
palm oil by the ethylic route, with ethyl caprylate, ethyl caprate,
Table 1
Thermophysical properties used for the ethyl esters studied in this work.
Fatty ester Tc (K) Pc (bar) x DvapH (kJ mol1) DfusH (kJ mol1) Tfus (K)
Ethyl caprylate C10:0 656.39 21.60 0.628 58.0 22.40 230.35
Ethyl caprate C12:0 690.216 18.46 0.709 67.8 30.23 254.51
Ethyl laurate C14:0 719.13 15.97 0.787 77.6 38.07 272.59
Ethyl myristate C16:0 744.27 14.02 0.862 87.4 45.91 287.37
Ethyl palmitate C18:0 766.41 12.43 0.935 97.2 53.75 297.69
Ethyl oleate C20:1 771.07 11.12 1.013 107.3 25.39 255.12
Ethyl linoleate C20:2 785.89 11.57 1.008 108.9 24.39 217.94
Table 3
Melting points of the binary systems of unsaturated ethyl esters with ethyl palmitate.
Ethyl palmitate + ethyl oleate Ethyl palmitate + ethyl linoleate
xC20:1 T (K) xC20:2 T (K)
0.0000 297.69 0.0000 297.69
0.0975 297.41 0.1062 297.25
0.2018 295.85 0.2103 295.97
0.2852 294.54 0.2720 294.97
0.3918 294.00 0.3597 292.64
0.4975 290.33 0.4982 290.32
0.6033 287.29 0.5940 286.92
0.7157 283.29 0.7095 284.25
0.8251 276.26 0.8127 279.12
0.8927 271.81 0.9021 272.33
1.0000 254.67 1.0000 220.68
Fig. 1. Experimental and predicted melting points of the binary mixtures of ethyl
caprylate, ethyl caprate, ethyl laurate or ethyl myristate with ethyl palmitate.
M.C. Costa et al. / Fuel 91 (2012) 177–181 179ethyl laurate, ethyl myristate, ethyl oleate and ethyl linoleate were
measured by DSC. The results obtained with ethyl stearate were re-
ported in a previous paper [4]. These fatty esters can be found in
small quantities in palm oil biodiesel and also in biodiesel from
other vegetable and animal oils and fats.
Tables 2 and 3 show the experimental data obtained for the sat-
uration lines of each system studied here. The data show that the
systems with ethyl laurate and ethyl myristate present a eutectic
point. Although probably present in other systems at concentra-
tions very close to being pure compounds, a clear eutectic point
is only perceptible for systems in which the difference in melting
points of the pure esters is smaller than 30 K.
Figs. 1 and 2 show the phase diagrams of the mixtures studied,
presenting behaviour similar to that found for the binary systems
formed with ethyl stearate. The heavy ester controls the melting
points of the mixture, and the introduction of a second ethyl ester
with a lower melting point does not induce a signiﬁcant decrease
in the melting/cloud point of the mixtures up to concentrations
of 50 mol%. Also the phase diagrams of the various esters did not
present signiﬁcant differences between them up to the eutectic
point.
In the present study, only the saturation lines for these systems
were reported. However, as observed for previously studied binary
mixtures of saturated fatty acids [36–38], below the saturation line
the phase diagram is not as deceptively simple as the results here
reported could indicate. In fact the DSC thermograms indicated
that the solid phase behaviour of the binary mixtures of saturated
fatty esters could be as complex as that observed for the binary
mixtures of fatty acids. This subject is still under investigation
and will be the object of a future study.
The predictive UNIQUAC model proposed for the prediction of
the cloud points of diesels and crude oils [9,13,14,16–23,
25,26,33,39], and successfully applied to fatty acid, methyl and
ethyl esters [4,6] and to the low temperature behaviour of biodie-
sels [40], was used to describe the experimental data measured in
the present study. The full lines shown in Figs. 1 and 2 were gener-
ated by the predictive UNIQUAC model. The average deviation ob-
tained between the experimental and calculated data was inferior
to 0.5 K, even for systems formed with ethyl oleate and linoleate,Table 2
Melting points of the binary systems of saturated ethyl esters with ethyl palmitate.
Ethyl caprylate + ethyl palmitate Ethyl caprate + ethyl palmitate
xC10:0 T (K) xC12:0 T (K)
0.0000 297.69 0.0000 297.69
0.1163 296.69 0.1595 296.02
0.2028 295.61 0.2280 295.46
0.2918 294.53 0.3318 293.82
0.3923 292.13 0.4192 291.30
0.4483 291.58 0.5203 289.14
0.5558 289.68 0.6107 287.44
0.7126 282.21 0.6875 284.91
0.8201 277.10 0.7895 280.72
0.9359 265.56 0.9039 269.58
1.0000 228.19 1.0000 254.51showing that the model describes the experimental data very well.
This conﬁrms the ability of the model to describe the low temper-
ature behaviour of fatty ester mixtures.Ethyl laurate + ethyl palmitate Ethyl myristate + palmitate
xC14:0 T (K) xC16:0 T (K)
0.0000 297.69 0.0000 297.69
0.1331 296.48 0.0992 296.61
0.1828 295.33 0.1876 294.91
0.2871 293.18 0.2875 292.73
0.3906 292.23 0.3680 291.14
0.5007 290.12 0.4886 288.19
0.5965 287.42 0.5843 285.36
0.6904 282.32 0.6877 283.50
0.7760 279.11 0.7995 282.87
0.8652 268.69 0.8863 284.01
1.0000 272.59 1.0000 285.74
Fig. 2. Experimental and predicted melting points of the binary mixtures of ethyl
oleate or ethyl linoleate with ethyl palmitate.
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data was also attempted here, assuming an ideal mixture in the li-
quid phase and a pure solid phase. The relationships between the
melting temperature of the mixture, T, and its composition, x, are
given by Eq. (10). This approach is also predictive as the ﬁtting of
no parameters is required to describe the experimental data, and
only the melting temperatures and enthalpies of the pure com-
pounds are required to use the model. The results obtained, re-
ported in Figs. 1 and 2 as dashed lines, are surprisingly good, and
essentially identical to those obtained using the more complex ap-
proach based on the predictive UNIQUAC model. The limitations of
this simple approach for the description of real biodiesel were
highlighted and discussed in a previous work [40].
5. Conclusion
Six binary mixtures of ethyl palmitate with saturated and
unsaturated fatty acid ethyl esters were studied by DSC. The exper-
imental phase diagrams for these binary systems are reported here.
The data indicated that the cloud points of the mixtures were
essentially controlled by the fatty ester with higher melting tem-
perature when this one was present in concentrations above
50 mol%.
It was shown that the predictive UNIQUAC model was able to
produce an excellent prediction of the experimental data measured
in this work, and that a simple ideal solution model can describe
the melting points for these simple systems with an accuracy sim-
ilar to that of the predictive UNIQUAC model.
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